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Dikstein et al., 1996; M. Fuller, personal communication).University of California, Berkeley
Several years ago, our studies indicated that the Dro-Berkeley, California 94720
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TBP and play a role in directing transcription from differ-Biotechnology Building
ent sets of genes (Hansen et al., 1997). BiochemicalCornell University
studies indicated that TRF1 could interact specificallyIthaca, New York 14853
with TFIIA and TFIIB to form a functional complex capa-
ble of binding to core promoter DNAs and initiating RNA
pol II transcription in vitro. Interestingly, both RNA andSummary
antibody in situ staining experiments suggested that
TRF1 might be expressed in a cell type±specific fashionIt has been generally accepted that the TATA binding
during development, although in early embryos expres-protein (TBP) is a universal mediator of transcription
sion was widespread (Crowley et al., 1993; Hansen etby RNA polymerase I, II, and III. Here we report that
al., 1997). Particularly intriguing was the finding thatthe TBP-related factor TRF1 rather than TBP is respon-
TRF1 was associated in vivo with only a limited subsetsible for RNA polymerase III transcription in Drosoph-
of loci as revealed by antibody staining of polytene chro-ila. Immunoprecipitation and in vitro transcription
mosomes. These results suggested that TRF1 mightassays using immunodepleted extracts supplemented
selectively target a limited subset of genes unlike TBPwith recombinant proteins reveals that a TRF1:BRF
which was found to associate with the majority of genescomplex is required to reconstitute transcription of
in the Drosophila genome. The TRF1-positive polytenetRNA, 5S and U6 RNA genes. In vivo, the majority of
chromosome sites appeared to include many genes re-TRF1 is complexed with BRF and these two proteins
lated to male-sterility or neuronal functions. However,colocalize at many polytene chromosome sites con-
many of the TRF1-positive sites also contained tRNAtaining RNA pol III genes. These data suggest that in
and 5S RNA genes (Hansen et al., 1997). These early inDrosophila, TRF1 rather than TBP forms a complex
situ staining experiments and genetic correlation (Crow-with BRF that plays a major role in RNA pol III tran-
ley et al., 1993) suggested at least two possible functionsscription.
for TRF1 including neuronal- and/or testis-specific RNA
pol II transcription, and/or a function in RNA pol III tran-Introduction
scription.
In human and yeast, TBP is an essential component
Although it is now evident that eukaryotic organisms
of transcription initiation complexes utilized by all three
have evolved elaborate molecular machines to deal with classes of RNA polymerases (Sharp, 1992). Therefore,
the control of gene expression, some of the key compo- it was expected that TBP would also play an important
nents and mechanisms that regulate transcription re- role in Drosophila pol III transcription. However, there
main unclear. Even the most familiar and seemingly well was no direct biochemical or functional evidence to es-
established paradigms such as the universality of the tablish the involvement of either TBP or TRF1 in RNA
TATA binding protein (TBP) (Sharp, 1992; Hernandez, pol III transcription. Given the sites of TRF1 localization
1993; Rigby, 1993; Struhl, 1994, for reviews) continue on polytene chromosomes, we began with the simple
to unveil surprises. For example, recent studies have question of whether TBP, TRF1, or both molecules in
demonstrated the existence of TBP-related factors fact are required for RNA pol III transcription in Drosoph-
(TRF1 and TRF2) in metazoans that appear to regulate ila. First, we developed a Drosophila RNA pol III in vitro
the expression of specific subsets of genes (Crowley et transcription system to test whether the depletion of
al., 1993; Hansen et al., 1997; Ohbayashi et al., 1999; TBP and/or TRF1 might affect pol III transcription. Next,
Rabenstein et al., 1999). Another surprising discovery we used immunoprecipitation to determine whether
was that at least in vitro, transcriptionally competent other pol III transcription factors such as BRF are associ-
initiation complexes lacking any known member of the ated with TBP or TRF1. This approach might allow us
TBP/TRF family have been observed (Usheva and to isolate Drosophila BRF, a core component of the RNA
Shenk, 1994; Wieczorek et al., 1998). As more extensive pol III transcription factor TFIIIB (Willis, 1993; Gei-
analyses of tissue-specific and developmentally regu- duschek and Kassavetis, 1995; White, 1998, for reviews),
lated transcription mechanisms are carried out, it would that had thus far eluded molecular characterization. In
not be surprising to discover additional levels of speci- vitro transcription assays carried out with Drosophila
ficity and specialization in the components that have nuclear extracts depleted of TRF1, BRF, or TBP were
been traditionally considered as part of an invariant and employed to provide evidence for the involvement of
these factors in the transcription of tRNA, 5S RNA, or
U6 RNA genes. Reconstitution of such depleted extracts³ To whom correspondence should be addressed (e-mail: jmlim@
uclink4.berkeley.edu). with recombinant factors was subsequently carried out
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Figure 1. In Vitro Transcription of Drosophila RNA Pol III Genes
(A) In vitro transcription of various RNA pol III genes was carried out using embryo extracts as described in Experimental Procedures. The
32P-labeled transcripts were extracted with phenol/chloroform, ethanol-precipitated, and analyzed on a 6% acrylamide gel containing 7 M
urea. End-labeled pBR322 DNA digested with HaeIII was used as the size marker.
(B) Tagetitoxin sensitivity of Drosophila RNA pol III transcription. In vitro transcription of the representative pol III genes (tRNA, U6, and 5S
RNA genes) and a pol II gene (Adh) were carried out in the presence of 0, 2, 200 mg/ml a-amanitin or 0, 0.5, 1.5 unit/ml of Tagetitoxin (Epicentre
Technologies), a pol III-specific inhibitor.
(C) Embryo nuclear extracts were depleted with anti-TBP, anti-TRF1, or control beads and transcription activities tested.
to confirm the importance of potentially novel protein tagetitoxin (0.5 units/ml) completely inhibited transcrip-
tion of the pol III templates (lanes 4, 9, and 14). In con-complexes involved in directing transcription by RNA
pol III. These studies suggest that TRF1 instead of TBP trast, RNA pol II transcription directed by the Adh distal
promoter was highly sensitive to low levels of a-amanitinplays an important role in directing transcription by RNA
pol III in Drosophila. (2 mg/ml) (lane 17 and 18), but resistant to tagetitoxin
(lanes 19 and 20). These data indicate that we have
developed a robust in vitro RNA pol III transcriptionResults
system suitable for testing the role of TBP or TRF1.
In order to determine which factors participate in di-Transcription of Drosophila RNA Polymerase III
Genes Requires TRF1, but Not TBP recting RNA pol III transcription, we immunodepleted
cell extracts of TBP or TRF1 and assayed for pol IIIIn order to determine which factors are responsible for
Drosophila RNA pol III transcription, we first developed transcription. Surprisingly, depletion of TBP from the
extracts did not detectably effect pol III transcription ofan in vitro reaction responsive to a panel of different
DNA templates with multiple representatives from each any templates we tested (Figure 1C, lanes 2, 5, and 8),
although it abrogated the pol II transcription from thecategory of genes (six tRNAs, two U6 RNAs, and six
5S RNAs). Our in vitro transcription extract accurately Adh promoter (lane 11). On the other hand, treatment
with anti-TRF1 severely impaired or eliminated tran-initiates and terminates RNA synthesis to produce a
number of discrete RNA products of the expected size at scription by pol III (Figure 1C, lanes 3, 6, and 9). As
expected, depletion of TRF1 had little or no effect ondifferent levels of efficiencies depending on the template
used (Figure 1A) in line with previously reported observa- transcription by pol II from the Adh promoter (lane 12).
Control (mock) reactions were performed (Figure 1C,tions (Dingermann et al., 1982; Sharp et al., 1984; Lof-
quist and Sharp, 1986). Throughout the remaining por- lanes 1, 4, 7, and 10) using nuclear extract that had
been treated with preimmune antibodies or beads alone.tions of this report, we present results from only three
representative RNA pol III templates tRNA (35DArg), U6 These results suggest that Drosophila TRF1 but not TBP
is required for pol III transcription at least in our in vitro(6±1), and 5S RNA (1A8), because the results from the
other templates were essentially the same. assay.
To confirm that the RNA products synthesized by
these in vitro reactions represented bona fide RNA pol Identification and Cloning of BRF
as a TRF1-Associated FactorIII transcripts, we tested their sensitivity to a-amanitin
and tagetitoxin (a selective inhibitor of RNA pol III). Dro- In parallel with these in vitro transcription studies, we
attempted to isolate and characterize proteins that aresophila RNA pol III is known to be considerably more
resistant to a-amanitin than mammalian or yeast RNA associated with TRF1 and thus possibly involved in di-
recting pol III transcription. Schneider cells (Schneider'spol III (Wang and Stumph, 1995). Consistent with previ-
ous observations, transcription from active pol III genes Drosophila line 2) were used as the starting material,
since this cell line provided a homogeneous pool of(tRNA, U6, 5S) was found to be resistant to a-amanitin
up to 200 mg/ml (Figure 1B, lanes 3, 8, and 13) while reasonable quantities of TRF1 (Hansen et al., 1997). The
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native molecular weight of the major TRF1 species in of detectable amounts of TBP:BRF complex may explain
the lack of TBP contribution in pol III transcription ob-crude Schneider cell extracts was about 200 kDa esti-
mated by gel-filtration analyses, and was the same as served in our in vitro assays (Figure 1C).
As an independent test of the interaction betweenthat of TRF1 from embryo extracts. TRF1 from crude
Schneider cell extracts was found to consistently coim- TRF1 and BRF, we have also characterized proteins
expressed from bacteria. Recombinant TRF1 and BRFmunoprecipitate polypeptides of 90, 70, and 50 kDa
(Figure 2A). Microsequence analyses of these individual were coexpressed in E. coli and purified by several con-
ventional chromatography steps as described in Experi-polypeptides revealed that the 90 kDa species con-
tained a peptide sequence highly homologous to the C. mental Procedures. Interestingly, recombinant TRF1
was found to be much more soluble when coexpressedelegans BRF gene product. The 70 and 50 kDa polypep-
tides were identified as HSP70 and EF1a (a translation with BRF compared to TRF1 expressed alone (R. Jacob-
son, unpublished data). The coexpressed recombinantelongation factor), two relatively abundant proteins in
Drosophila extracts that are likely contaminants in our TRF1 and BRF proteins copurified through Poros HS
and HQ ion exchange columns. Their chromatographicimmunoprecipitates.
Based on the peptide sequences, cDNA clones en- behavior as well as solubility characteristics suggested
that TRF1 was in complex with BRF. Moreover, Su-coding the 90 kDa protein were isolated. The deduced
amino acid sequence contained all the peptide se- perose 6 gel filtration analysis of these recombinant
proteins confirmed that TRF1 and BRF comigrate as aquences obtained from the microsequence analyses
(Figure 2B), suggesting that the 90 kDa band repre- 200 kDa complex (Figure 3D) with an elution profile very
similar to the endogenous Drosophila TRF1:BRF com-sented a single polypeptide. The translated gene prod-
uct has a calculated mass of 73,705 Da and an estimated plex (compare Figures 3B and 3D). As expected, recom-
binant TRF1 and BRF could be efficiently coimmuno-isoelectric point of 4.79. Amino acid sequence compari-
son revealed that the 90 kDa protein associated with precipitated from crude E. coli extracts as a complex
using either anti-TRF1 or anti-BRF antibodies (FigureTRF1 is closely related to BRF, a well-characterized RNA
pol III transcription factor that had previously not been 3C). These results, taken together, suggest that both
the recombinant and endogenous TRF1 and BRF poly-identified from Drosophila (Figure 2C). Therefore, we will
refer to the 90 kDa protein as Drosophila BRF throughout peptides display a high propensity to interact with each
other to form a stable complex, possibly a heterote-the remainder of this report.
tramer (predicted mass of 198,319 Da). The molecular
weight of this TRF1:BRF complex is similar to a TFIIIBDrosophila BRF Selectively Forms a Complex
activity that has been characterized and partially purifiedwith TRF1 Rather than TBP
from Drosophila extracts (Burke and Soll, 1985). To fur-To further investigate the association of the newly iso-
ther test whether TBP can interact with BRF, we coex-lated BRF molecule with TRF1 in Drosophila cells, we
pressed TBP and BRF in E. coli. The purification of ahave determined the specificity of the interaction be-
TBP:BRF complex by conventional chromatographytween endogenous TRF1 and BRF. Polyclonal rabbit
was unsuccessful because of their poor interaction andantisera were generated against BRF. After antigen af-
apparent degradation of BRF (data not shown). How-finity purification of this antibody, immunoprecipitation
ever, utilizing a reticulocyte lysate in vitro translationexperiments were carried out with Schneider cell ex-
system, we could detect a very weak interaction be-tracts. The immunoprecipitates were subsequently ana-
tween TBP and BRF, but the efficiency was much lowerlyzed for the presence of TRF1, BRF, and TBP by immu-
than that observed between TRF1 and BRF (Figure 3E).noblotting. As expected, anti-TRF1 precipitated TRF1
and coprecipitated BRF efficiently (Figure 3A, lane 3).
Likewise, anti-BRF coprecipitated TRF1 and BRF effi- The TRF1:BRF Complex Is an Essential Component
of Drosophila RNA Pol III Transcriptionciently (Figure 3A, lane 4). In contrast, no TBP was de-
tected in either the anti-BRF or anti-TRF1 immunopre- To confirm that the TRF1:BRF complex plays an impor-
tant functional role during RNA pol III transcription, wecipitates (Figure 3A, lanes 3 and 4). Anti-TBP efficiently
precipitated TBP from these extracts whereas only attempted to restore activity to the depleted extracts
by addition of purified recombinant proteins (Figure 4A).background levels of BRF or TRF1 coimmunoprecipi-
tated with TBP (Figure 3A, lane 2). Similar coprecipita- Addition of the TRF1:BRF complex to an extract de-
pleted with anti-TRF1 very efficiently restored transcrip-tion results were obtained using extracts derived from
Drosophila embryos (data not shown). tional activity (Figure 4A, lanes 6±8). In contrast, supple-
menting TRF1 alone weakly restored transcriptionalTo further ascertain that endogenous TRF1 and BRF
form a stable complex in Drosophila cells, we also exam- activity (Figure 4A, lanes 3±5). This weak activity was
likely due to complex formation between exogenouslyined these two proteins by gel filtration chromatography.
Immunoblotting with anti-TRF1 and anti-BRF revealed added recombinant TRF1 and residual endogenous BRF
remaining in the extracts (see Figure 6, lane 7). As ex-that endogenous TRF1 and BRF from Schneider cell
extracts comigrated with an apparent native molecular pected, addition of recombinant BRF alone failed to
restore transcriptional activity to the depleted extractsweight of approximately 200 kDa when fractionated on
a Superose 6 column (Figure 3B). These results, taken (lane 9). Likewise, RNA pol III transcriptional activity of
extracts was eliminated by depletion with anti-BRF, andtogether with the coimmunoprecipitation data, suggest
that TRF1 and BRF are largely bound to each other and could only be restored by addition of the TRF1:BRF
complex (lanes 14±16) but not with BRF alone (lanesthat the identified BRF molecule does not appear to be
associated with TBP in Drosophila cells. The absence 11±13) or TRF1 alone (lane 17).
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Figure 2. Identification of Drosophila BRF as a TRF1-Associated Factor
(A) Immunoprecipitation of TRF1 with anti-TRF1 antibody from Schneider cell extract. Precipitates were eluted from antibody beads, resolved
by SDS-PAGE with a 7%±15% acrylamide gradient gel, and visualized by silver staining. Lane 1 shows a control immunoprecipitation with
anti-TRF1 beads and buffer only. Stars (*) denote IgG bands (light chain, heavy chain, and the cross-linked IgG).
(B) Amino acid sequence of the TRF1-associated factor BRF. The underlined peptides correspond to sequences obtained by microsequence
analysis of the 90 kDa protein that coimmunoprecipitated with TRF1.
(C) Amino acid sequence alignment of the newly cloned Drosophila BRF and those from other species. The amino acids conserved among
more than two species are boxed. Within the boxes, identical amino acids are darkly shaded and related amino acids are lightly shaded. The
N-terminal 300 amino acids contain the TFIIB homology region characteristic of BRFs. The zinc finger motif within the TFIIB homology region
is between amino acids 7 and 29 (in Drosophila BRF). BRF homology region II (Khoo et al., 1994) corresponds to amino acids 439 to 515 (in
yeast BRF).
TRF1 and RNA Pol III Transcription
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Figure 3. Copurification of TRF1 and BRF
(A) Immunoprecipitation of endogenous TRF1,
BRF, and TBP. Immunoprecipitation from
Schneider cell extract was performed using
anti-TRF1, anti-BRF, or anti-TBP cross-linked
beads. In the control reaction, IgG from pre-
immune serum was used. The precipitates
were eluted from the antibody beads and
subjected to immunoblotting. The blot mem-
brane was cut into three pieces and sepa-
rately incubated with anti-BRF, TBP, or TRF1.
The ªinputº (lane 5) represents 1 ml of the
untreated extract. The star (*) denotes IgG
bands.
(B) Gel-filtration analysis of endogenous
TRF1 and BRF. Schneider cell extract was
subjected to gel-filtration using a Superose
6 column and the fractions were analyzed for
the presence of BRF and TRF1 by immu-
noblotting. Multiple BRF species were ob-
tained most likely due to partial degradation.
(C) Immunoprecipitation analysis of the re-
combinant TRF1:BRF complex. TRF1 and
BRF were coexpressed in E. coli and immu-
noprecipitated with anti-TRF1, anti-BRF, or
control antibodies. The ªinputº (lane 1) repre-
sents crude extract from 0.1 ml culture of E.
coli. Proteins were visualized by Coomassie
blue staining. The star (*) denotes IgG bands.
(D) Gel filtration analysis of the E. coli-
expressed recombinant TRF1:BRF complex.
The recombinant TRF1:BRF complex was
partially purified through Poros HS and Poros
HQ ion exchange chromatography and ap-
plied to a Superose 6 column as described
in Experimental Procedures. Proteins were
visualized by silver staining.
(E) Immunoprecipitation analyses of in vitro±
translated 35S-labeled TRF1, BRF, and TBP.
BRF was cotranslated with TRF1 or TBP us-
ing rabbit reticulocyte lysate and immunopre-
cipitated with the indicated antibodies.
To further assess the factor requirements for the Dro- Colocalization of TRF1 and BRF
on Polytene Chromosomessophila pol III transcription system, we also attempted
to restore activity to the depleted extracts with the addi- If BRF and TRF1 exist as a functional complex on pol
III±transcribed genes in vivo, these proteins should colo-tion of purified recombinant TBP and BRF. In contrast
to TRF1, purified TBP preincubated with BRF failed to calize to specific chromosomal loci that contain pol III±
transcribed genes. We tested this prediction by examin-restore RNA pol III transcription significantly above
background levels (Figure 4B, lanes 9±11). As expected, ing BRF and TRF1 distribution on salivary gland polytene
chromosomes. The BRF antibody showed prominentrecombinant TBP could restore RNA pol II basal tran-
scription of TBP-depleted nuclear extracts (data not staining of a set of about 70 chromosomal loci (Figure
5). Most sites labeled with anti-BRF were also stainedshown). These results indicate that in Drosophila cells
there is a stable complex formed preferentially between with anti-TRF1, though the ratio of the two signals varied
at each locus. We previously reported that major sitesTRF1 and BRF rather than TBP and BRF. The active
TRF1:BRF complex could be efficiently removed with of labeling by anti-TRF1 antibodies contain pol III genes
(Hansen et al., 1997).either anti-TRF1 or anti-BRF antibodies. After depletion
of this complex, addition of one or the other subunit While the overlap of TRF1 and BRF on chromosomes
is extensive, a number of sites appear to be labeled onlyalone could not efficiently restore transcriptional activ-
ity. However, nearly full RNA pol III transcriptional activ- by anti-TRF1. This is consistent with the notion that
TRF1 may also function as a pol II transcription factority was reconstituted with purified recombinant TRF1
and BRF added to the depleted extracts. In contrast, for a subset of genes (Hansen et al., 1997; M. Holmes
et al., unpublished data). We note that our affinity-puri-addition of TBP and BRF did not efficiently restore pol
III transcription to depleted extracts. These results fied TRF mouse antibody labels the major sites seen
previously (Hansen et al., 1997), but also reveals addi-strongly suggest that in Drosophila the TRF1:BRF com-
plex rather than a TBP containing complex plays an tional bands and a higher background (Figure 5). This
difference could be due to antigenic differences in theimportant role in directing specific transcription by RNA
pol III. anti-TRF1 populations. The mouse anti-TRF1 in this
Cell
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for a functional role of a TRF1:BRF complex in pol III
transcription in vivo.
The Majority of TRF1 Is Complexed to BRF
Since TRF1, like TBP, may be part of different com-
plexes, we have attempted to determine what propor-
tion of TRF1 is associated with BRF in Drosophila cells.
Either Schneider cell or embryo extracts were immuno-
depleted of TBP, TRF1, or BRF and then the levels of
these proteins in the supernatants were examined (Fig-
ure 6). After treating extracts with anti-BRF antibodies,
most of the TRF1 ($90% as determined by quantitative
Westerns described in Figure 6 legend) was found to
be codepleted with BRF from the extract (Figure 6, lanes
4 and 8). Likewise, treatment of extracts with anti-TRF1
removed the majority of the BRF from the Schneider
cell supernatant (Figure 6, lane 3). Although the same
trends were observed for both Schneider cell and em-
bryo extracts, we noticed that cross depletion of BRF
by anti-TRF1 was more complete in Schneider extracts
than in embryo extracts (Figure 6, compare lanes 3 and
7). We believe that the difference observed between
these two cell extracts may largely be explained by the
differential expression of TRF1 among different cell
types. Immunoblot analyses of nuclear or whole cell
extracts indicate that the levels of TRF1 and BRF in
Schneider cells are roughly equivalent while in embryos
there is significantly less TRF1 relative to BRF (data not
shown). This difference is consistent with the differential
expression patterns of TRF1 in the developing embryos
previously observed by in situ hybridization and immu-
nostaining (Crowley et al., 1993; Hansen et al., 1997).
On the other hand, in none of the cross-depletion experi-
ments were anti-BRF or anti-TRF1 able to significantly
deplete TBP from either Schneider or embryo extracts
(Figure 6, lanes 3, 4, 7, and 8). Likewise, anti-TBP did not
codeplete BRF. These antibody depletion experiments,
taken together, indicate that the majority of the TRF1 is
in complex with BRF, and that very little, if any, TBP is
associated with the BRF molecule in vivo.Figure 4. Requirement of the TRF1:BRF Complex, but Not a TBP-
Containing Complex for Drosophila In Vitro RNA Pol III Transcription
(A) Embryo nuclear extracts were depleted with control antibody Discussion
from preimmune serum (lane 1), anti-TRF1 (lanes 2±9), or anti-BRF
(lanes 10±17). The depleted extracts were supplemented with puri- A Novel TRF1:BRF Complex Involved in RNA
fied recombinant proteins and their transcription activities directed
Polymerase III Transcriptionfrom pol III templates were tested. The recombinant proteins supple-
It has been widely accepted that TBP is a universalmented were as follows: 3 ng (lane 3), 10 ng (lane 4), or 30 ng (lanes
factor that plays a central role in eukaryotic transcription5 and 17) of TRF1; 3 ng (lane 11), 10 ng (lane 12), or 30 ng (lanes 9
and 13) of BRF (FLAG-tagged); 3 ng (lanes 6 and 14), 10 ng (lanes by all three RNA polymerases (I, II, and III). Indeed, TBP
7 and 15), or 30 ng (lanes 8 and 16) of TRF1/BRF complex; buffer is highly conserved among all the eukaryotes studied
(lanes 2 and 10). (B) The BRF-depleted nuclear extract was made and its universal involvement in all three RNA polymer-
as described in (A) and in vitro transcription reactions were per-
ases has been established for human and yeast. Con-formed after supplementing with the indicated recombinant pro-
trary to this general expectation, our study revealed thatteins: 6.9 ng (lanes 6 and 9), 23 ng (lanes 7 and 10), or 69 ng (lanes
Drosophila TBP may not be a major player in directing2, 8, and 11) of nontagged BRF; 2.3 ng (lane 6), 7.7 ng (lane 7), or
23 ng (lanes 4 and 8) of TRF1; 3.1 ng (lane 9), 10 ng (lane 10), or 31 RNA pol III transcription. Instead, the TBP-related factor
ng (lanes 5 and 11) of TBP; buffer (lanes 1 and 2). TRF1 was found to be a principal participant in Drosoph-
ila pol III transcription. In vitro transcription studies with
multiple classes of pol III templates failed to show anystudy was affinity purified using a full-length TRF1, while
the rabbit anti-TRF1 used previously was purified using significant contribution of TBP, but instead revealed a
clear contribution by TRF1. Moreover Drosophila BRFa peptide corresponding to the N-terminal 50 amino
acids of TRF1. Thus, the detection of TRF1 at a majority was isolated as a TRF1-associated factor, while no sig-
nificant amount of TBP:BRF complex was observed.of chromosomal sites labeled with anti-BRF, and the
finding that many of these sites contain genes tran- Immunodepletion of Drosophila nuclear extracts fol-
lowed by reconstitution with purified recombinantscribed by pol III (Hansen et al., 1997), provide support
TRF1 and RNA Pol III Transcription
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Figure 5. Colocalization of TRF1 and BRF on Polytene Chromosomes
Polytene chromosomes were prepared from third instar larvae and stained with rabbit anti-BRF and mouse anti-TRF1 affinity-purified antibodies.
The images shown are colored with BRF in red, TRF in green, and a merge of these two images. Sites of colocalization appear in the spectral
range of orange to light green depending on whether the BRF or TRF signal is more prominent. The four adjacent white lines mark an example
of a set of loci in the cytological region 48±47 that contain anti-BRF and anti-TRF1 to different extents (a pair of sites with strong TRF1 labeling
and weak BRF labeling followed by a pair that shows more prominent BRF label). The 56DE labeled arrow marks the locus harboring the
tandemly arranged 5S genes (165 copies) and multiple (at least 11) tRNA genes reported previously to be one of the major staining sites of
TRF1 (Hansen et al., 1997).
TRF1:BRF directly implicated this complex in mediating unidentified factors that contribute to RNA pol III tran-
scription. However, since all the detectable pol III tran-RNA pol III transcription. Thus, it appears that in Dro-
sophila TRF1:BRF contributes significantly to RNA pol scription activity in our embryonic extracts was abol-
ished by depletion of TRF1, such putative TRF1-freeIII transcription initiation in place of a TBP:BRF complex.
We have not assayed all potential RNA pol III genes BRF complexes may not be actively involved in pol III
transcription at least in vitro.in the Drosophila genome (600±750 tRNA genes for in-
stance) nor have we tested extracts from every Drosoph- Although in principle it is possible that there are multi-
ple BRFs or BRF-like factors in Drosophila, the nearlyila tissue type or developmental stage. Therefore, we
cannot exclude the possibility that in Drosophila there complete genome sequences of Drosophila made avail-
able recently failed to reveal any obvious BRF homologsare different BRF, TBP, or TBP-related factor complexes
that may collectively contribute to RNA pol III transcrip- other than TFIIB. Thus, it seems unlikely that there are
multiple BRFs or BRF-like factors. Previously, Vilalta ettion in a cell type± or developmental stage±specific man-
ner. Indeed, our efforts to quantitate TRF1 and BRF in al. (1997) reported that a 105 kDa protein could be shown
to interact with Drosophila TBP and that an antibodySchneider cells and embryos suggest that the relative
amounts of these two transcription factors may vary against human BRF (Wang and Roeder, 1995) cross-
reacted with this protein. The relationship between thedepending on the cell type. Moreover, we detected an
excess pool of BRF molecules that appeared not to be Drosophila BRF we have identified here and their puta-
tive BRF-like protein is presently unknown. Also, theretightly associated with either TRF1 or TBP in extracts
derived from embryos. Thus, it is possible that Drosoph- was no clear evidence that this putative TBP-containing
complex contributed to RNA pol III transcription.ila BRF can be associated with some other, as yet
Cell
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previous studies could predict the utilization of species-
specific transcription factors, and it appears that both
the promoter structure and the machinery responsible
for recognizing diverse RNA pol III genes may have di-
verged significantly from species to species.
Amino Acid Sequence Differences between TRF1
and TBPs
Why does Drosophila BRF efficiently interact with TRF1
but not TBP? To address this question, we compared
the amino acid sequences of TRF1, Drosophila TBP,
human TBP, and yeast TBP. Several investigators have
reported the important amino acids in yeast and human
TBPs for pol III±specific transcription (Cormack and
Struhl, 1993; Shen et al., 1998). There were no significant
amino acid differences at these loci among yeast, Dro-
sophila, and human TBPs. In contrast, 7 out of the 25Figure 6. The Majority of TRF1 Is Associated with BRF in Drosophila
important amino acids were found to be altered in TRF1Cells
(V64!E, P65!I, L87!S, E108!S, K133!D, Y224!M,TRF1, BRF, or TBP was immunodepleted from Schneider S-100
and Y231!S) (residue numbers in yeast TBP). Interest-extracts or embryo nuclear extracts, and the supernatants analyzed
for the presence of each protein by immunoblotting. To quantitate ingly, the K133!D substitution in TRF1 is very similar
the degree of depletion, serially diluted (1/5, 1/10, 1/20, and 1/40) to a reported mutation R231!E in human TBP (corre-
Schneider cell or embryo extracts were loaded on the same gel in sponding to K133!E in yeast TBP) that abolished the
parallel and the intensity of the signals in the immunoblots com-
capacity of human TBP to bind BRF (Shen et al., 1998).pared. The intensity of TRF1 signals in the BRF-depleted extracts
These amino acid changes may in part explain the differ-(lanes 4 and 8) were weaker than that of the 1/20-diluted extracts.
ence between Drosophila TRF1 and TBP in their capac-
ity to interact with Drosophila BRF. It is interesting that
TRF1 retains the functions to serve as a pol III factor,Has Drosophila Adapted a Unique RNA
but has divergent amino acids at the relevant sites. ThisPolymerase III Transcription System?
observation suggests that the other components in-Thus far, TRF1, unlike TBP or TRF2, has not been found
volved in pol III transcription such as BRF may also havein yeast or other metazoans including C. elegans,
diverged significantly. Indeed, the one domain of yeastmouse, or human although, for mammals, the genome
BRF involved in interacting with TBP is located in theinformation is incomplete. Therefore, it is possible that
C-terminal half of the molecule that is quite divergentDrosophila (or perhaps insects) have evolved distinct
between species (Khoo et al., 1994). It will be interestingsets of factors for RNA pol III transcription. It has been
to test whether Drosophila TBP can interact with humanreported that unlike the RNA pol II basal machinery
BRF, and whether human TBP can interact with Dro-which is remarkably conserved across divergent spe-
sophila BRF. For comparison, we also checked thecies (yeast to human), the RNA pol III and RNA pol I
amino acids of TBP important for DNA binding. Out oftranscription machinery has diverged significantly from
25 amino acids reported by Reddy and Hahn (1991) andspecies to species (White, 1998). For example, the Dro-
Yamamoto et al. (1992), all except one (I214!F) weresophila pol III transcription factors are not interchange-
conserved in TRF1. Thus, it appears that amino acidable with the corresponding factors from human cells.
alterations in TRF1 occurred preferentially in the regionAlso, the insect RNA pol III subunits themselves display
of the molecule important for pol III function.differential sensitivity to a-amanitin relative to other spe-
cies. Likewise, the control elements of promoters in
these different organisms seem to have diverged. Tran- Relationship between TRF1 Expression Pattern
and RNA Polymerase III Transcriptionscription of tRNA genes in Drosophila and silk worm is
strictly dependent on 59 flanking promoter sequences Previously we described a differential expression pat-
tern of TRF1 in developing embryos (Hansen et al., 1997).which is not the case in other species (Dingermann et
al., 1982; Burke and Soll, 1985; Johnson et al., 1991). Although high levels of expression were observed in the
central nervous system (CNS) and gonads in late stageFurthermore, the mechanism of RNA polymerase selec-
tion for transcription of Drosophila U6 RNA genes is embryos, we also detected diffuse expression through-
out the embryo at earlier stages. In addition, some TRF1significantly different from that of vertebrates. In verte-
brates, the presence of a TATA-box in combination with is expressed in the salivary gland of larvae as well as
primary spermatocytes in adult flies (Crowley et al.,a proximal sequence element (PSE) located in the up-
stream region of the promoter specifies the recruitment 1993; Hansen et al., 1997). Thus, it seems reasonable
to conclude that TRF1 is expressed at some basal levelof RNA polymerase III but not II. Remarkably, in mam-
mals the PSEs of the U1 gene (a pol II template) and in most cell types but at higher levels in specific tissues
such as the CNS, brain, and reproductive organs. It hasthe U6 gene (a pol III template) are interchangeable. On
the other hand, Drosophila U1 and U6 PSEs are not been reported that RNA pol III transcription is often
upregulated in rapidly growing cells (Tower and Sollner-interchangeable and RNA polymerase specificity is de-
termined by a few nucleotide differences that occur Webb, 1988; Clarke et al., 1996). The highest levels of
RNA pol III activities are observed during the S and G2within the U1 and U6 PSEs (Jensen et al., 1998). Thus,
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genes. Here we show that TRF1 can also interact specifi-
cally with Drosophila BRF and direct transcription by
RNA pol III. Indeed, most of the TRF1 ($90%) in Dro-
sophila cell extracts appears to be associated with BRF,
and thus only a small proportion is likely to be available
for RNA pol II transcription. However, recent evidence
suggests that some RNA pol II promoters contain a
control element that can bind preferentially to TRF1
rather than TBP and is able to respond selectively to
RNA pol II transcription initiation complexes directed by
TRF1 (Holmes et al., 2000). Thus, it is likely that TRF1
can be involved in transcription by different classes of
RNA polymerases (Figure 7). Whether TRF1 is also in-
volved in RNA pol I transcription remains to be deter-
mined.
Experimental Procedures
Preparation of Cell Extracts
Schneider cell and embryo extracts were prepared essentially as
described (Dignam et al., 1983; Kamakaka et al., 1991).
Antibodies
Rabbits or mice were immunized and boosted with the recombinant
TRF1 purified as described (Hansen et al., 1997). Anti-TRF1 antibody
was affinity purified using the purified recombinant TRF1 or GST-
TRF1 cross-linked to beads (Harlow and Lane, 1988). To raise anti-
BRF antibodies, a C-terminal fragment of BRF (amino acids 527±662)
expressed as an MBP (Maltose binding protein) fusion protein wasFigure 7. TBP Family±Containing Protein Complexes Found in Hu-
used for the immunization. The antibody was affinity purified usingman and Drosophila
the BRF fragment fused to GST. For some immunoprecipitation
In human, the basal transcription factors (SL1, TFIID, and TFIIIB) experiments, affinity-purified antibodies were cross-linked to Pro-
that are involved in the transcriptional initiation by RNA polymerase tein G-Sepharose beads (Pharmacia) with dimetylpimelimidate
(pol) I, II, and III, respectively, have all been shown to contain TBP. (DMP) as described (Harlow and Lane, 1988).
In Drosophila, TFIID has been shown to contain TBP, but SL1 and
TFIIIB have not been characterized. This study reveals the presence Preparation of the Template DNAs for In Vitro Transcription
of a TRF1:BRF complex capable of supporting pol III transcription A P1 clone DS05325 (Drosophila genome project) that covered the
in Drosophila. A TBP:BRF complex was not detected in Drosophila cytological site 42A8±16 was obtained and individual tRNA genes
cells. The TRF1/nTAF complex is a putative cell type±specific tran- in the appropriate restriction fragments were subcloned into pBlue-
scriptional initiation complex whose subunit composition remains script. The cloned tRNA genes were named according to Dingermann
unclear. The thickness of the arrows roughly reflects the relative et al. (1982) and Lofquist and Sharp (1986). pArg-maxi (Dingermann
amounts of the different TBP- or TRF1-containing complexes in et al., 1983) was provided to us by Dr. D. Johnson (Trivedi et al.,
cells. 1996).
5S RNA genes were cloned from a Drosophila genomic library by
using a 55-mer oligonucleotide 59-CAGTCTATGGGCATAACTGAA
TATCAGAGTATAAGGACACTGTTTAGCCCCTCGA-39 that corre-phases of the cell cycle (White et al., 1995) and have
sponded to the noncoding 59 flanking sequence of type I 5S RNAalso been found to be elevated in undifferentiated cells
(Sharp et al., 1984). From the lambda phage clone, 375 bp EcoRV(White et al., 1989). In these previous studies, TFIIIB
fragments (the 5S DNA repeating units) were randomly chosen, indi-activity appeared to be correlated with pol III transcrip- vidually cloned into pBluescript, and their DNA sequences deter-
tion activity. Our observation that TRF1 is highly ex- mined.
pressed in dividing cells in the embryo and during sper- The template plasmids for U6 snRNA genes pDU6-1 and pDU6-2
(Das et al., 1987) were gifts from Dr. R. Reddy. The Adh distalmatogenesis may be consistent with an elevated level of
promoter template has been previously described (Hansen et al.,RNA pol III transcription activity in these rapidly growing
1997).cells. It remains unclear why the CNS and brain express
particularly high levels of TRF1. However, it is interesting In Vitro Transcription
to note that there are reports of brain- and neuronal- Transcription reactions for tRNA, 5S RNA, and U6snRNA genes were
specific small RNAs that are specifically transcribed by performed for 1 hr at 258C in a 15 ml reaction volume with 3 ml of
cell extract (6±10 mg/ml) and 180 ng of a supercoiled template DNA.RNA pol III in mammals (Sutcliffe et al., 1984; Martignetti
The standard reaction mixtures contained 25 mM HEPES (pH 7.6),and Brosius, 1995).
100 mM NaCl, 5 mM MgCl2, 5% glycerol, 3 mM DTT, 500 mM each
ATP, CTP, UTP, 100 mM GTP, 3 mCi of [a-32P]GTP (3000 Ci/mmol).
Following the incubation, 15 ml of stop mix I (1 mg/ml of ProteinaseTRF1: A Transcription Factor That Can Direct
K, 1% SDS, 20 mM EDTA) was added and further incubated at 378CBoth RNA Polymerase II and RNA
for 10 min, then 100 ml of stop mix II (0.3 M sodium acetate, 120 mg/Polymerase III Transcription
ml yeast RNA) was added. The mixture was extracted with phenol-TRF1 was initially studied as a transcription factor in-
chloroform, ethanol precipitated, and analyzed on 6% acrylamide
volved in RNA pol II transcription, and in vitro character- gels containing 7 M urea.
ization showed its ability to bind TFIIA and IIB, and Transcription reactions of Adh distal promoter were performed
using the same conditions as those used for Pol III genes exceptinitiate transcription at promoters of protein coding
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that 500 mM nonradioactive GTP was used and the transcripts were with anti-mouse, RRX-labeled Donkey antibody and rabbit BRF anti-
body was stained with anti-rabbit, Cy2-labeled Donkey antibody.detected by primer extension.
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